In this work, we analyze the seasonal evolution of a Mediterranean pocket beach and its response to different storm episodes. Magalluf, an intermediate medium sand beach located in the Bay of Palma (Balearic Islands) was monitored by topographic levelling during 14 months. Near the beach, a Posidonia oceanica meadow covers most of the seabed and appears to influence the cross-shore beach adjustment. The low variability observed during the sampling period was perturbed by two storm events that caused significant beach evolution and sediment transport. The first storm gave rise to waves from the SE, significant height ϭ 2.4 m, cross-shore sediment transport and along-shore net sediment exchange that resulted in decreased dry beach extension to a minimum. The second storm was characterized by strong northeasterly winds and generated a set-up of 0.5 m and a nearshore drift reversal that redistributed sediment from the berm crest to the beach face, thereby increasing beach extension. Results from numerical simulations of wave propagation show the circulation patterns during both events and their influence on the beach morphology. In general terms, the beach exhibited a homeostatic behaviour characteristic of an equilibrium system.
INTRODUCTION
The southern and eastern coasts of Mallorca (Balearic Islands, Spain) present numerous pocket beaches spread along an irregular coastal morphology. The absence of significant tides in the Mediterranean Sea, and the generally weak coastal currents, restrict significant beach morphology changes to severe weather episodes when wave related processes are enhanced. Indeed, GUILLÉ N et al. (2002) report that the sediment dynamics in the shallow part of the nearby Catalonian shelf is largely controlled by wave-storm events.
One of the most characteristic features of Mallorcan beaches is that, as in many Mediterranean coasts, the nearshore sandy bottoms are colonized by the endemic reef-building seagrass Posidonia oceanica which is known to affect nearcoast sediment dynamics (MARBÀ et al., 2002) . Seagrasses and other vegetation attenuate wave and current energy, therefore diminishing sediment resuspension, erosion and transport (FONSECA and CALAHAN, 1992; WORCESTER, 1995; MÉ NDEZ et al., 1999) . Segrasses also affect and enhance particle deposition (GACIA et al., 1999; TERRADOS and DUARTE, 1999; GA-CIA and DUARTE, 2001 ). All these processes, although not yet fully understood, have obvious implications on the morphol- July 2003-11-23. ogy and variability of the adjacent beach on a seasonal time scale.
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The upper growth limit of Posidonia oceanica is conditioned, among other factors, by sediment stability and thereby this plant rarely grows in the very nearshore (less than 3-4 m depth) where the vertical growth rate of the plant, around 1.5 cm year -1 , (BOUDOURESQUE et al., 1984; PERGENT et al., 1989; MARBÁ and DUARTE, 1997) cannot cope with the intense sedimentary dynamics. The slow horizontal growth rate of the seagrass, about 5 cm year Ϫ1 (MARBÁ and DUARTE, 1998) precludes the rapid shoreward advances of the meadow.
On a longer time scale, the meadow plays an active role in the sedimentary balance of the beach both supplying biogenic sand and/or trapping sediments in eventual offshore migrations. There is evidence that Posidonia oceanica beds can produce 60 to 70 gr m Ϫ2 year Ϫ1 of calcium carbonate, which translates to an important yield when scaled to the large area occupied by these meadows (CANALS and BALLESTEROS, 1997) . In fact, Mallorcan beaches are composed by medium and fine sand with a large percentage (more than 70%) of bioclastic sediments (JAUME and FORNÓ S, 1992; RODRÍGUEZ-PEREA et al., 2000) most of which derive from organisms associated with the Posidonia oceanica meadow. The amount of 'new' biogenic sediment reaching the beach is nevertheless uncertain.
While most of the literature on the influence of Posidonia oceanica and other seagrasses in the coastal areas has been devoted to the analysis of the interaction between plants and currents, particles, turbulence, etc., (e.g. WARD et al., 1984, FONSECA and CALAHAN, 1992; GRANATA et al., 2001 ) the morphodynamic behavior of these beaches is poorly understood. Moreover, to the best of our knowledge there are no previous published studies of beach evolution on Mediterranean pocket beaches. In this paper we examine seasonal time and space evolution of Magalluf beach (SW Mallorca), located in an embayment with substantial Posidonia coverage. The sampling period covers two storm events where the beach was significantly, albeit differently, modified.
REGIONAL SETTING
Magalluf is a 900 m sheltered urban beach located in a small embayment on the southwestern coast of Mallorca within the bay of Palma (Figure 1) . The coast embraces a shallow water inlet with substantial Posidonia oceanica coverage (up to 78%), protected in its offshore opening by the island of Sa Porrasa (Figure 2) . A small pier in the middle of the beach that hides a concrete rainwater outfall acts as a barrier to the coastal alongshore flow. During 1996, the beach was renourished with 85.000 m 3 of medium sand (D 50 ϭ 0.35Ϯ0.06 mm, n ϭ 79) with 70% content of calcareous material dredged from a coastal location off the Bay (Rafeubetx).
Forcing by tides is almost negligible in the Mediterranean, with a spring tidal range of less than 0.25 m. Changes in atmospheric pressure and wind stress can account for a considerable portion of sealevel fluctuations. The embayment is opened to seas from the S and SE although most frequent waves approach the coast from the southwest resulting in a littoral drift to the northeast. Southwesterly winds can generate waves of 3 to 4 m which reach Punta Cala Figuera but waves diminish as they propagate inside the bay. Indeed, wave estimations from Puertos del Estado at the nearby WANA point 2069036 (lat 39.500 N lon 2.625 E) located at 40 m depth east from Magalluf, indicate that the direction of more energetic waves are from the southwest rarely exceeding significant heights (H s ) of 2.5 m.
Typical weather conditions in the Bay of Palma, during summer, exhibit a persistent sea breeze regime (RAMIS et al., 1990) with weak onshore winds (less than 5 m/s) that only occasionally increase up to 10 m/s. From late summer to early winter, storm episodes are frequent with winds blowing with a SW or NE component.
METHODS
From October 2000 to December 2001 two beach profiles (P1 and P2) and the shoreline position were sampled bimonthly in Magalluf by precision topographic leveling using an electronic total station. The topographic method was extended to the sea by using a dinghy and an extendable rod (up to 9 meters) with a double prism to facilitate targeting. Measurement points where sampled at less than 6 m intervals in the subaerial beach and the swash zone, whereas measurements 15 m apart were carried out for the rest of the profile. Errors in the measurement depend on the distance to the instrument. For a distance of 400 m a vertical accuracy within Ϯ 0.03 m was estimated.
The first sampling was carried out the day after a strong storm (12 th October 2000) and hence, although no previous survey was undertaken, the effects on the beach, latter discussed, are attributed to this event. The last sampling (December 2001) was performed almost four weeks after a severe storm also affected the islands.
The spatial and temporal variations of shoreline and beach profiles were statistically analyzed using the one dimensional empirical orthogonal function (EOF) technique. This approach has been used in beach evolution studies to analyze spatial and temporal variations in beach profiles and plants (e.g. HAYDEN et al., 1975; WINANT et al., 1975; AUBREY, 1979) and as other eigenvector techniques encompass the representation of the observed data onto a set of shape functions (the EOFs). It should be stated that although the EOFs are optimal in a statistical sense the eigenfunctions do not necessarily have a physical meaning. Nevertheless such interpretations are possible in many cases.
We next briefly describe, for completeness, the method used: consider a series of beach profiles (x m , t i ) of topographic data collected at M locations, x m (1ՅmՅM) at times t ϭ t i (1ՅiՅN). The goal of EOF analysis is to write the data series at any given location as a sum of M orthogonal functions such that
where is offshore direction or height, depending if the shore line or profile is analyzed. im represent the spatial modes and a i (t) are the amplitudes of the ith orthogonal mode at time t n . The weights a i (t) provide information of how the spatial modes im vary with time. An orthogonality condition can be imposed in the form points by linear interpolation whereas the shoreline was interpolated in 10 m intervals.
One of the key points for shoreline evolution is the definition of a common level for all samplings. The criterion followed in this work was to select a level located in the swash zone in all the surveys. This is only possible at places where tidal oscillations are minimal and hence the vertical position of the swash zone is almost invariant. Two measurements at the approximate high and low points of the swash zone were obtained at each alongshore point, and the shoreline was interpolated to a common level assuming a linear slope. The presence of a linear shaped swash zone is a well-accepted feature for most beaches.
RESULTS FROM THE FIELD EXPERIMENT Atmospheric Conditions
During the sampling period two storms were observed to produce significant effects on the beach. Just prior to the first sampling (October 11) strong winds from the SW swept the islands. This event preceded a cold front crossing the Iberian Peninsula, a typical situation for this region during fall. Strong winds of more than 10 m/s ( Figure 3a ) with gusts of 14.5m/s lasted for one day during which time winds steadily blew with a vector direction of 238Ϯ10Њ generating waves with significant heights (H s ) of 2.4 m and peak spectral periods (T p ) of 8.2 s within the bay. Although the storm was not particularly intense, the direction of the associated wave field directly impacted the beach.
A second severe meteorological event, with influence over most local beaches, occurred during fall 2001. From November 11th to 15th the synoptic situation in the western Mediterranean revealed the presence a high pressure crest extending from the Atlantic to central Europe (1038 to 1033 hPa) and a depression (993 hPa) north of Africa. This situation generated a strong isobaric gradient with winds form the N-NE. On November 11 the depression moved northwards intensifying the gradient and causing winds of 15 m/s from the N and NE (Figure 3b ) with maximum wind gusts of more than 33 m/s. Secondary wind intensification occurred on November 15 when the low, which had progressed northeastward, retreated back to the Balearic Islands. The storm developed strong seas from the N, a direction which the bay is protected, and only H s of 1.3 m and T p 4.05 s was estimated at the WANA point. The examination of time series of sealevel reveals a setup of some 0.48 m during the passage of the depression, largely exceeding the tidal range.
Longshore Variations
As in most headland bounded beaches, the shoreline shape in Magalluf is arcuated but, in this case, the pier represents a discontinuity that divides the shoreline in two sections restricting the movement of sand across the shoreface (Figure 4) .
Most variations observed in shoreline shape were relatively small beach rotations that can be attributed to varying wave conditions; although erosive and accretive periods are still evident. Beach rotation occurs around axes centered in nodal points at about the middle of each beach segment and consequently, maximum shoreline displacements take place both sides of the beach (A and B) and near the pier (B and C). Beach rotation caused a maximum annual shoreline oscillation of 14.7 and 14.9 m at points A and C and of 7.8 and 5.6 m at points B and D.
For most of the sampling period, sand accumulation was observed in the southern side of the pier (B) suggesting a northward littoral drift. Wave records (not shown) support this evidence indicating northwestward propagation. The exception is the December 2001 sampling in which the northern part of the beach does not show rotation as in previous surveys and instead, subaerial beach accretion occurred, in particular near the pier. The gained beach surface in the northern section was 1,237 m 2 with a maximum offshore displacement of 8 m at point C. This sand accumulation is indicative of alongshore flow reversal during the storm.
Minimum subaerial beach extension (53,886 m 2 ) occurred on October 2000, just after a storm from the SW, when the beach presented a minimum offshore distance at both flanks. Relevant beach accretion (2 m/m shoreline) followed this episode until the beach stabilized in values between 55,000 and 57,000 m 2 (Table 1) . In any case, variations did not exceed 3.3% of total subaerial beach surface with average shoreline oscillations ranging from 0.6 to 1 m/month.
CROSS-SHORE VARIATIONS
Beach profiles, extending some 750 m offshore, show the general topographic patterns of Magalluf bay ( Figure 5 ). The beach (sandy bottom) extends about 100 m from the shore to a depth of 4 m where sparse Posidonia oceanica patches progressively appear interleaved with sandy bottoms. The dry beach extends for about 50 meters with a slope of 1% across the berm, markedly sloping in the beach face (10%). This configuration is typical of medium to coarse-sand beaches. The value at the beach face agrees with the theoretical value of BASCOM (1951) for a D 50 of 0.35mm in a low energy beach (see KOMAR 1998). The general across-shore trend of the beach profile is very similar in both of the profiles (P1 and P2) with differences of less than 1.5%. The inshore, between 5 and 7 meters depth, is covered almost completely by a Posidonia oceanica meadow with a profile structure that resembles the shape of reef-protected beaches.
The set of beach profiles in Magalluf exhibits little variability, mainly concentrated on the swash zone ( Figure 6 ). Profile 1 shows minor changes, with the exception of a small region at 3.5 m depth where an incipient sand bar or step is formed during some periods. Profile 2 presents larger fluctuations in the beach face. These differences between profiles are attributable to the relative position of the profile to the nearby nodal point. Profile 1 is only a few tenths of meters away from Node 1, whereas P2 is located in an area of higher variability, far from Node 2. The most conspicuous features of the profiles are (1) 2001 profile and (2) the lateral profile migration on October 2000. Both features are related to storm events, nevertheless, the effects on the beach are different probably due to the distinct nature of the storms. The small variability of the profiles suggests a relative equilibrium that can be parameterised by nonlinear fitting of the equation of BRUUN (1954 BRUUN ( , 1962 and DEAN (1977 DEAN ( , 1991 DEAN ( , 1997 :
where A is an adimensional shape parameter related to the mean grain diameter of the beach sediment (MOORE, 1982) and to the corresponding grain settling velocity (DEAN, 1987) ) in the subsequent periods that correspond to the appearance and erosion of a sandbar. For the rest of the sampling period the budgets for both profiles are essentially in balance. Note that November 2001 storm reorganized the sediments without dramatic net sediment losses. Table 3 summarizes the results of EOF beach surface and profile analysis. It shows that the first eigenfunction accounts for more than 99.8% of the variance. The high 'representativity' of the first mode can mask the results of the second and third EOF. The first EOF modes describe the mean profiles and the related temporal functions describe fluctuations in mean steepness, where higher values imply a steeper than average profile (Figure 7) . The second and third eigenfunction describe small modulations of the mean profile shape. The second EOF modes relate to the upper shoreface and specifically, to the sediment exchange between the berm crest and the nearshore. The temporal functions of this EOF reveal enhanced sediment transference after both storms. The third EOF identifies the occurrence of sandbars which is particularly noticeable at P1 (100 m). No systematic variation is observed in this function. 
EOF Analysis

NUMERICAL SIMULATIONS
With the aim of exploring possible coastal drift modifications during the storms, a wave propagation model (LYNETT, 2002) was used. The model was forced with wave parameters (H s and T p ) obtained from the nearby WANA point corresponding to the above mentioned storms. The numerical algorithm uses a high order, finite difference scheme and is based on assumptions of an inviscid fluid and irrotational flow. The waves are assumed to be highly nonlinear and weakly dispersive, although the model has good linear and nonlinear accuracy up to khϳ6. The incident waves are generated using an internal source, which creates the correct Stokes drift as well as the regular wave train. No restriction is placed on the bathymetry or the dominant wave propagation direction. No attempt has been made to incorporate the effect of the meadow on bottom friction.
Examination of the wave field simulation for October 2000 storm shows the important effect of the island and bottom bathymetry on wave height and related current velocity (Figure 8) . The 15 m isobath is an approximate boundary separating the offshore field, with waves of 2.4 m from the SW, from the complex pattern over the Posidonia oceanica meadow that is consequence of wave refraction in the proximity of the island and coastal reflexion.
At the embayment boundary wave-generated currents are enhanced (ϳ 0.8 m/s) and forced to flow following bottom topography. Further onshore, the island seems to induce cyclonic circulation, although there is no clear pattern with the exception of the northernmost area where wave refraction yields a weak cyclonic circulation and enhanced free surface oscillations. A weak and variable alongshore flow in the southern section of the beach strongly intensifies and deviates in an offshore direction in the northern side, in accordance with the observed morphological changes.
The simulation for November 2001 storm (Figure 8b and  d) shows a boundary wave propagating from the North and strongly attenuated waves in Magalluf originated by wave diffraction and subsequent refraction. This sheltering and refraction result in a longshore transport directed southward (Fig 8d) .
DISCUSSION AND CONCLUSIONS
We have shown that Magalluf beach is characterized by a small variability typical of low-energy areas. The seasonal signal in the profile and shoreline variability is weak owing to the bay geomorphology that restricts alongshore transport, the lack of strong tidal currents and the presence of Posidonia oceanica meadows that hamper near bottom transport. In the case of Magalluf, this lack of variability is further enhanced by the protective effect of Sa Porrasa island and by the presence of a concrete structure in the beach restricting the movements to small adjustments mainly attributed to changing wave field conditions. The sediment transport is highly constrained by this configuration, ensuring the conservation of total volume of sand. Only when the nearshore energy is increased during episodic storm events is the energy supply sufficient as to promote significant alongshore or/and crossshore exchanges with the meadow.
One of the peculiarities that the meadow confers to these beaches is a relative stability even though a complete beach profile, down to h c , is never developed. The beach is sustained by the reef-like structure of the meadow and the offshore part of the profile extends inside the shoots being in some cases incorporated to the consolidated substrate created by the rhizome structure of the plant. Nevertheless, this is a long lasting process, as reef formation by Posidonia oceanica requires millenary timescales. At shorter time scales (months), Posidonia oceanica meadows should not be viewed as sediment fixing organisms. Substantial amounts of sediment can migrate throughout the meadow, by resuspension and through bedform migration, and eventually reincorporate to the beach face dynamics. el of WRIGHT and SHORT (1984) characterized by a steep beachface slope, narrow surf zone and absence of bar. Nevertheless, the presence of a Posidonia oceanica in the near shore conditions the shape of equilibrium profiles. It is plausible that if the equilibrium profile represents a state in which flows and morphology adjust to produce a uniform dissipation of energy, the 'extra' amount of energy dissipated by the meadow results in a change in the beach shape towards steeper forms. MUÑ Ó Z-PÉ REZ et al., (1999) stress that for the same grain size, in reef-protected beaches, the shape parameter will not be the same as the A value used in the usual Dean equilibrium profile. The relationship between the fitted values A fit and the theoretical ones A th yields values of 1.6-1.8 that are close to those obtained for reef-protected beaches (1.48). The higher values in our case could be indicative of higher energy dissipation over the Posidonia meadow than over reef-like structures, as shoaling waves travelling over hard or cohesive bottoms loss less energy than waves rolling over vegetated seafloors. Consequently, losses of seagrass extent would lead to sediment redistribution towards more dissipative shapes and probably, subaerial beach erosion would follow, as observed in the past (e.g. WILSON, 1949; CHRISTIAN-SEN et al., 1981; HINE et al., 1987) .
Regarding the storms, NORDSTROM (1992) essentially observed two types of profile response on sheltered sandy beaches: (1) transfer of sediment from the upper to the lower shoreface and (2) parallel retreat of the foreshore related to an alongshore current flow. In the present study, we document two different ways by which enhanced energy episodes can influence beach geomorphology.
The October 2000 storm generated seas from the prevailing wave direction resulting in an intensified cross-shore transport. Low alongshore transport during this storm indicates a good adjustment of the beach shape to these conditions. Hence the increased wave energy is mainly dissipated through changes in beach profile. The lack of sampling previous to the storm weakens conclusions on the effects of the storm, but the absence of energetic events (H s Ͼ 2 m) in the previous months suggests that most of the erosion can be attributed to this storm. Numerical simulations confirmed the observed strong cross-shore component in the near-shore flow patterns. During this episode of beach erosion sand was transferred beyond the theoretical annual h c . The consequent sediment loss resulted in a minimum subaerial beach extension that was recovered in the subsequent weeks (less than a sampling period). This rapid recovery of sand is indicative of a high degree of resilience, or tendency to re-establishment of steady state with short relaxation times. It is also a key process for the survival of Posidonia oceanica shoots that cannot bear oversedimentation for long periods (MANZANERA et al., 1998) .
Rapid beach accretion requires sand migration and resuspension that depends on oscillatory wave motions, hence, it is only possible under certain amount of energy input. Incident waves tend to transport the sediment shoreward; this transport to some extent being balanced by offshore mean flows and oscillatory transport at infragravity frequencies (OSBORNE and GREENWOOD, 1992a,b) . Infragravity motions appear to assume significance under storm conditions (AA- GAARD and GREENWOOD, 1995) and especially in the inner surf and swash zones (WRIGHT and SHORT, 1983; BEACH et al., 1991; RUSSEL, 1993) but beach recovery may begin at the last stages of a storm event.
The set-up during November 2001 storm varied the vertical position where wave processes act and made available sand from the berm crest to the nearshore drift causing longshore sand redistribution. Surges, particularly when surge levels exceed the tidal range, as observed, may play a key role in low energy coastal environments (JACKSON et al., 2002) . HEG-GE et al., (1996) state that as wave and tidal energy decrease the relative importance of other phenomena, such as nontidal sealevel fluctuations, in controlling the nearshore morphology increases. Nevertheless, in our case, the observed sealevel uprise cannot be solely explained by static response of the sea to atmospheric variations (ϳ29 cm) and, hence, dynamic sealevel responses and wind set-up should be regarded as mechanisms for the observed variations, particularly during November 15 when the pressure was 13hPa higher than that on November 11 but the upraise was similar. Although it is usual to consider surges in terms of the set-up they generate at the coast, the currents which are generated can be also important (PUGH, 1987) . Indeed, in the sampling after this storm, the southern zone of the beach presented anticlockwise rotation and lower, although significant, dry beach increase (432 m 2 ). These beach changes can be attributed to a flow reversal during the storm. Nearshore currents based on the model results support these observations.
In summary, our results show the seasonal variability of a 'low energy beach' (not under the specifications of JACKSON et al., 2002) and the morphodynamic effects of two different storms. The EOF technique was found to adequately reproduce the main patterns of the observed evolution. Moreover, beach profiles suggest a relationship between the presence of a Posidonia oceanica meadow in the vicinity of the beach and its morphodynamic adjustment providing further evidence on the importance of the conservation of this endangered ecosystem for coastal stability.
